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ABSTRACT 
MATTHEW JAMES EDWARDS: Investigation of Fouling Mechanisms on Ion 
Exchange Membranes During Electrolytic Separations 
(Under the direction of Dr. Alexander M. Lopez) 
 
 The global water crisis is a major problem in our developing world due to the 
increasing growth of our global population, the depletion of natural water resources, and 
the continuing contamination of existing water resources as a result of industrialization. 
Membrane separation is a potential solution for these issues. Electrodialysis (ED) is a 
separation process which employs membranes to separate inorganic and organic 
substances. This study investigated how different fouling agents influenced membrane 
surface characteristic and separation efficiency within an electrodialysis system. While 
applicable for waste water, this study focuses on model salt water solutions with various 
fouling agents added to study various fouling mechanisms. Results indicated that sodium 
alginate creates a clear gel on the membrane surface, sodium hydroxide minimally 
decreases the separation efficiency, and bovine serum albumin has a faster separation time. 
The major implications of this study are that sodium alginate in an ED system impedes ion 
diffusion and decreases the separation efficiency, the increased amount of hydroxide ions 
in the solution from sodium hydroxide increases the pH, and its minimal effect means that 
the membrane separation is not in part effected by change in pH levels. The final 
implication is that bovine serum while having a faster separation time, increases the power 
used, and more investigation is needed to understand how this complex protein affects the 
surface of the unmodified membranes. 
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CHAPTER 1: INTRODUCTION 
 
Electrodialysis Overview  
Electrodialysis (ED) is a separation process which uses membranes to separate 
components based on an electrical potential driving force. Ion-Exchange membranes 
separate charged compounds  [1]. This separation occurs because the membrane material 
has charged groups attached to the polymer structure, and this allows for a partial or 
complete exclusion of ions of the same charge as the membrane. Anion exchange 
membranes have fixed positively charged groups which exclude positively charged ions 
but is permeable to ions with a negative charge. In the same way, cation exchange 
membranes have fixed negatively charge groups which are permeable to ions with a 
positive charge but exclude negatively charged ions. Membranes tend to be made up of 
fixed ion groups, and when placed in water tend to absorb water and swell too much. Most 
membranes use a cross-linked polymer to limit the swelling, but this can make the 
membranes brittle. This forces membranes to be stored and handled wet. These anion and 
cation membranes are put into an arrangement which follows the plate and frame principle 
[2]. The plate-and-frame principle stacks multiple square or rectangular filters, membranes 
in this case, and is supported by a frame. This creates a chamber between each membrane 
and the entire stack is forced together by either some form of a clamp or press [3]. The 
alternating anion and cation membranes form a cell pair [2]. In between each membrane is 
a spacer. These spacers serve as the flow path for each stream and tend to be made of 
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polypropylene or a low-density polyethylene. Each spacer creates a specific flow path so 
that it prevents the contamination of the concentrate stream with the dilute stream. Though 
the streams operate at a low flow velocity, the spacers create turbulence to promote the 
mixing of water, and also helps break up particles or slime inside the system [4]. When the 
electrical potential is maintained across the electrodes, and a salt solution is pumped 
through the system the ions with a positive charge will gravitate to the cathode and the ions 
with a negative charge will gravitate towards the anode. The charged groups on the 
membranes allow an ion with an opposite charge to pass through the membrane but 
impeded ions with the same charge. This process causes one chamber of the cell pair to be 
depleted of ions while the alternate chamber becomes ion enriched [2]. The advantage of 
ED when compared to other processes, like nanofiltration and reverse osmosis, is that it is 
capable of a high recovery of water due to there being no limitation caused by osmotic 
pressure. Even more advantageous is the relatively high durability provided by the 
membrane’s high mechanical and chemical stability [5]. 
 
Current State-of-the-Art  
Typical applications of membrane technology are wastewater treatment and 
desalination. The treatment of wastewater is a dominant strategy for the reuse and 
regeneration of water. An important alternative for clean water is the desalination of 
seawater and brackish water [6]. The production of potable (drinkable) water is the main 
application of ED [1]. A secondary application used mainly in Japan uses ED to recover 
salt from seawater [2]. The first equipment using ED technology for commercial 
application was developed in the 1950s to demineralize brackish water. Since the 1950s, 
ED has advanced at a rapid pace due to improvements in ion exchange membrane 
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properties, materials of construction, and general advances in technology [4]. Nevertheless, 
the formation of scale on the surface of the membrane due to precipitation of colloids and 
insoluble salts remain a problem [2]. 
A combination process of electrodialysis and ion exchange called electrodeionization 
(EDI) developed in the 1990s and could achieve a high level of salt removal. EDI is one of 
the major uses of ED today. Other applications of ED in recent years include the control of 
ionic impurities from industrial effluent streams, water softening and desalting foods, such 
as milk whey. A significant development was made by Asahi, Dow, and DuPont in the 
development of perfluoro-based ion exchange membranes which have remarkable 
chemical stability [2]. There has also been increasing development in bipolar membranes. 
A bipolar membrane is made up of an anion exchange membrane and a cation exchange 
membrane. When a DC current is applied to the system, the water is split inside the 
membrane to produce a proton (H+) and a hydroxyl ion (OH-). This process is used to 
create and acid and a base with a given salt. They were first developed around 1977 but 
have seen a large deal of attention in recent years for its ability to produce acids and alkalis 
by the electrolysis of different salts [2]. A recent development, and growing market for ion 
exchange membranes is in fuel cells and batteries. Advanced fuel cells use the membranes 
to control the ion transpiration within different compartment of the cell [2]. 
A major limitation of electrodialysis systems lie in their propensity to foul. Fouling is 
the build of materials on the membrane surface. Electrodialysis Reversal (EDR) is a 
variation of the ED process. It reverses the polarity of the electrode polarity in an attempt 
to automatically clean the surfaces of the membranes. This reversal in the polarity, also 
reverses the dilute and concentration compartments which means that valves have to be 
in place to adjust the streams in order to not add ions back to the dilute water [4]. These 
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systems still require cleaning periodically in order to remove mineral scale, organic 
matter, biological growth and other insoluble substances which build up on the surface of 
the membranes. The reason membrane fouling is an issue, is that it leads to a decrease in 
membrane performance and an increase in running costs. Membrane foulants are 
classified into nonliving substance (organic fouling, inorganic fouling (scaling)) and a 
living organism (biofouling) [7]. For wastewater treatment, the main foulants are 
macromolecular organic matters, humic substances, hydrocarbons, bacteria, sludge, and 
mineral scaling. While in sea water desalination the main foulants are polymeric 
substances, microorganisms, bacteria, suspended solids, and mineral scaling. These 
substances can cause problems with severe substance adsorption, pore blockage, and gel 
formation [6]. Mineral scaling, the precipitation of inorganic salt deposits, occurs through 
two major mechanisms, crystallization and particulate fouling. Crystallization at the 
membrane surface occurs because of the precipitation of ions, while particulate fouling 
occurs due to convective transportation of colloidal particulate matter from the solution to 
the membrane surface [8].	To improve the fouling resistance of a membranes, most 
literature focuses on membrane surface modification and its effects on the system in 
terms of performance and fouling resistance. This thesis describes the study which 
investigated unmodified membranes and the general effects of inorganic and organic 
substances on the unmodified membranes and on the separation efficiency of the ED 
system to better inform membrane researchers as they develop anti-fouling mechanisms 
for ED systems. 
This thesis will present the effects of inorganic and organic substances on unmodified 
membranes and the effect these substances have on the separation efficiency of an 
electrodialysis system. Sodium alginate creates a clear gel on the membranes blocking ion 
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diffusion which largely impedes the separation efficiency of the ED system. Sodium 
hydroxide, which is pH dependent, has minimal effects on the separation efficiency, 
therefore small changes in pH levels can be overlooked. Bovine serum albumin (BSA) 
demonstrates an increase in power usage within the ED system, and this increased current 
induced causes faster separation. Many studies focus on alteration of membranes using 
modifications such as coatings to improve separation efficiencies. This study sought to 
understand the effect of these substances on unmodified membranes to streamline scientific 
focus to substances which cause larger inefficiencies within ED operation.  
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CHAPTER 2: EXPERIMENTAL 
 
Materials and instrumentation used  
 
The electrodialysis system used is a PCCell 64 0 02. The system a two chamber 
electrodialysis cell, which holds a 110 x110 mm membrane. The anode is made of Pt/Ir – 
coated titanium, the cathode is made of V4A steel, and the electrode housing material is 
polypropylene [8]. The DC power supply used is the GW Instek GPS-303000. It can 
alternate between constant current and constant voltage. The ion exchange membranes 
used are NEOSEPTA ion exchange membranes [9]. The cation exchange membranes are 
Standard Grade CSE, strong acid (Na type). They have high mechanical strength, an 
electric resistance of 1.8 Ohms cm2, and a thickness of 0.16 mm. Typical application of 
this membrane is for the desalination of foods, desalination/concentration of inorganic salt, 
removal of hardness and nitrogen from underground water. The anion exchange 
membranes used are standard grade ASE. They are a strong base (Cl type) with high 
mechanical strength and an electric resistance of 2.6 Ohms cm2 with a thickness of 0.15 
mm. Likewise its typical applications are desalination of foods, desalination/concentration 
of inorganic salt, removal of hardness and nitrogen from underground water. Several 
pumps were required ED operation. The pumps used in this study were MasterFlex L/S 
systems. 
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An Adventurer TM – OHAUS precision balance was used in this study. The 
conductivity of the solutions were measured using a Fisherbrand traceable expanded range 
conductivity meter. For membrane soaking experiments, the atomic force microscope used 
was a Veeco NanoScope V, and the microscope used was a standard laboratory microscope 
produced by AmScope referred to as a 40X-2500X LED digital binocular compound 
microscope. For the contact angle experiments, a custom pendant drop apparatus was 
created using a camera, desk lamp, 6-inch bolts, bolts and a goniometer. Image 1 shows 
the set-up. The chemicals used in this study were obtained from Sigma-Adrich, VWR, and 
Alfa Aesar and used as received.  
  
 
Figure 1: Custom Pendant Drop Apparatus 
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Description of Analytical Procedures 
 
A. Electrodialysis Fouling Trials  
 
Water was retrieved from a Deionized water filtration system. Using a 1000 ml beaker, 
1000 ml of water was measured out. Then 30 grams of sodium sulfate was added to the 
water. Using magnetic mixer and stir bar, mix solution until all of the salt is dissolved. 
Using a second 1000 ml beaker, 1000 ml of water was measured out. 10 grams of sodium 
chloride and either 0.250 grams or 0.500 grams of sodium alginate, sodium hydroxide, or 
bovine serum was added as each foulant was tested. The solution was mixed until all salt 
was dissolved. It was critical that the magnetic mixer was used for BSA experiments to 
inhibit the formation of foam. When mixing sodium alginate, salt congealed into a gel upon 
addition to the water, so heat was added while stirring to complete dissolution. 
 
Set up the electrodialysis separations system by attaching tubing to the ED system. Run 
the feed tubes through the roller pumps. Two 500 mL Erlenmeyer flask were filled with 
500 ml of the sodium chloride-based solution. Insert the dilute feed and exit tubes into one 
of the 500 ml Erlenmeyer flasks. Insert the concentrate feed and exit tubes in the second 
500 ml Erlenmeyer flask. The two rinse, feed and exit, tubes are inserted into the 1000 ml 
beaker with the sodium sulfate solution. Connect the DC power supply to the ED system, 
and ensure that the DC power supply is set on a constant voltage of 6 volts. Turn on pumps 
and power supply. Every 15 minutes measure the conductivity of the water and record the 
current. Ensure that the probe is rinsed with DI water between testing each sample. Trial 
ends at 3 hours or when the dilute reaches 100 micro siemens. This is considered fully 
diluted. This analysis of electrical conductivity and desalination rate is used in studies by 
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researchers at Zhejiang University of Technology, Binzhou University, and Rey Juan 
Carlos University [10].  
B. Soaking Trials 
In preparation for AFM, microscopy and contact angle trials, cut anion membrane into 
2x2 cm pieces. Prepare soaking solutions measuring 100 mL of DI water into 150 mL 
beaker. Measure 1 g of sodium chloride using weigh tray and precision balance. For other 
salts measure 500 mg of salt. Use same mixing process as used to prepare the fouling trials. 
Place pieces of membrane into containers with solution. Place in incubator shaker for 24 
hours allowing membranes to soak while under constant movement so salt does not settle. 
After 24 hours, remove and allow membrane to air dry. The first test conducted with soaked 
membranes was scans using an atomic force microscope (AFM). An AFM works by 
employing an ultra-fine needle attached to a cantilever beam. The tip of the needle runs 
over the ridges and valleys in the material being imaged, "feeling" the surface. Fifty 
nanometer scans are taken of the membranes. The second test conducted after soaking of 
the membranes is complete is microscopy imaging. The membranes are examined using 
microscope. Pictures are taken to establish visuals of formation of scaling/fouling on 
membrane. The third test using soaked membranes was the measurement of contact angle. 
Using the custom pendent drop apparatus, membranes from the soaking procedure are 
secured under the opening of the tubing. A syringe was filled with deionized water and 
placed in a syringe pump. The syringe pump was set to 2.00 cc per hour. This system is 
manual so with the power turned on, switch on the pump must be flipped to run. Images 
are captured every second once the droplet appears on the screen. (This ensures you do not 
miss capturing the image of the contact angle when the drop detaches.) After the water 
droplet detaches from the tube and makes contact with the membrane, the switch on the 
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pump must be manually flipped from ‘run’ to ‘stop’. The images of the droplet’s contact 
angle with the membrane are analyzed using a computer program protractor 
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CHAPTER 3: RESULTS AND DISCUSSION 
 
 
In order to be able to study the effects of fouling by varying salts on the membranes, 
a control needed to be established in order to form a comparison with other salts. As salt 
water is mainly composed of sodium chloride (NaCl), a sodium chloride solution composed 
of 10 grams of NaCl per liter of water was used to establish the control for this study. This 
experiment follows the electrodialysis fouling trials procedure previously outlined. Graph 
1 demonstrates the average dilution trend of three trials. This data will be used as the 
baseline and further solutions will be compared to this graph. 
 
Figure 2: Dilution rate of control sodium chloride solution. 
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The first component tested was sodium alginate (SA). Alginate is highly used in 
fouling studies. Sodium alginate found in algae, was observed to form a clear gel when 
mixed with water. Based off this initial observation it was hypothesized that this salt would 
cause large problems in fouling due to the gel structure which forms. In order to properly 
dissolve the sodium alginate a magnetic mixer which also functions as a hot plate, is used 
to stir the mixture as well as add heat. The combination of heat and movement allows the 
solution to become homogeneous. Following the electrodialysis fouling trials procedure, 
three trials with an additional 250 milligrams of sodium alginate and three trials with an 
additional 500 milligrams of sodium alginate to the control solution were conducted. This 
additional salt was added to the NaCl solution in order to establish viable comparison and 
reflects a technique from Lindstrand, G. Sundstrom and A.-S. Jonsson [1]. Graph 2 shows 
the results of these trials.  
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Figure 3: Dilution rate of a low and high concentrations of sodium alginate solutions.  
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occurring. Based on the results the more sodium alginate there is in the solution to lower 
the trend towards dilution will be. This layer of gel in outsides studies has been seen to 
increase the resistance of the membrane, result in a higher power consumption, and cause 
a lower water recovery [10]. However, at low concentrations there may be potential for 
more efficient separation as there in not enough clear gel formation to entirely coat the 
membrane and impede separation, but the gel that does form allows for a stable path for 
the electrical current to travel through the system even when the water itself has a low ion 
concentration. 
 
 
 
 
Figure 4: Image demonstrating visual fouling of anion membrane by sodium alginate. 
 
 The second component tested using the electrodialysis fouling trials procedure is 
sodium hydroxide (NaOH). Previous studies have shown that water chemistry plays a role 
in the fouling of a system. These main properties include pH, ionic strength, and divalent 
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cation concentration [11]. Sodium hydroxide was chosen to investigate pH dependence on 
fouling formation. An increase in hydroxide ions in a solution, increases the pH of the 
solution. Three trials with an additional 250 milligrams of sodium hydroxide and three 
trials with an additional 500 milligrams of sodium hydroxide to the control solution were 
conducted. By doing this the general effect of increasing pH and its effect on ion separation 
in an electrodialysis system can determined. Graph 3 shows the results on the sodium 
hydroxide trials compared to the sodium chloride control.  
 
 
 
Figure 5: Dilution rate of a sodium hydroxide at low and high concentrations. 
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very gradual therefore relatively low increases in hydroxide ions and pH can be viewed as 
not having a large effect on the efficiency of the system. The third component tested is 
bovine serum albumin (BSA). Bovine serum is a protein derived from cows. This protein 
is very standard in lab experimentation. Bovine serum allows this experiment to test the 
impact of a complex biological structure on the ability of the electrodialysis system to 
transport ions across the membranes when presented with a biological fouling agent. Three 
trials with an additional 250 milligrams of bovine serum and three trials with an additional 
500 milligrams of bovine serum to the control solution were conducted. Graph 4 shows the 
results of these trials compared to the sodium chloride control. 
 
 
Figure 6: Shows the average dilution rate of a low concentration of Bovine Serum, and a 
high concentration of Bovine Serum compared to the Sodium Chloride solution 
by comparing the dilute stream’s conductivity with time. 
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 The data in Graph 4 appears contradictory to the trends observed of additional 
components being added to the control solution as documented with sodium alginate and 
sodium hydroxide. The addition of bovine serum according to Graph 4 shows that the 
additional protein increases the efficiency of the electrodialysis system. It must be noted 
that every other trial was conducted with a constant voltage of 6 volts, however, with 
bovine serum the load required kept automatically switching the DC power supply to a 
constant current. In order to maintain a constant voltage, the trials with bovine serum were 
run at 5.4 volts. In a study done at the Kangju Institute of Science and Technology is was 
noted that the result of bovine serum in fouling studies increases the power consumption 
by 41%  [10]. Applying this concept to the bovine serum trials, the decrease in voltage and 
an operating current which is higher than the currents viewed in the sodium chloride, 
sodium alginate, and sodium hydroxide, can explain the phenomena viewed in these trials. 
Following the electrodialysis trials, a trial using the original sodium chloride control 
solution was not used to determine if the study undertaken had caused internal fouling 
problems which would limit the original diffusive capabilities of the membranes. 
 
 A series of simple soaking experiments were conducted following the 
electrodialysis system trials. These trials are done in order to determine process and flow 
free adhesion of foulants. This is done to observe whether operation of the electrodialysis 
system causes fouling directly or is incidental contact also responsible for causing fouling. 
Using the same concentration solutions as the electrodialysis trials, 2 centimeters by 2 
centimeters pieces of anion membrane are soaked for 24 hours and then are analyzed under 
a variety of methods. This 24-hour time period is similar in concept to a study done by the 
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European Centre of Excellence for Sustainable Water Technology, which states that a 24-
hour soak allows the membranes and water to reach equilibrium [11].  
 
 The first analysis done with the simple soaking experiments is scans using an 
atomic force microscope (AFM). The AFM uses a laser and a system to track how the laser 
deflects off the moving needle in order to generate an image of the surface. However, when 
attempting to detect the surface the AFM used for analysis in this study could not properly 
detect the surface for the membranes soaked in the sodium hydroxide. It is hypothesized 
that this is due to the dark coloring of the membrane causing problems for the laser as it 
initially tries to approach the surface.  The following are images generated using the AFM. 
 
 
Figure 7: 50 nm scan of membrane soaked in deionized water 
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Figure 8: 50 nm scan of membrane soaked in NaCl solution 
 
 
Figure 9: 50 nm scan of membrane soaked in sodium alginate solution 
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Figure 10: 50 nm scan of membrane soaked in sodium hydroxide solution 
  
 The scan of the membrane soaked in the sodium hydroxide solution appears is 
planar compared to the scan of the membrane with deionized water. From this image it can 
be concluded that the scans taken are not reliable in demonstrating the effect of the 
solutions on the membranes. However, a study done states that the fouling which causes 
problems with permeability as witnessed in this study do not change or destroy the 
properties of the membranes [13]. Therefore, further investigation is necessary to 
determine the cause of this color change as properties pertaining to the membrane should 
not have changed.  
 
 The second analysis conducted using soaked membranes was contact angle. This 
was done using a goniometer and a custom setup adapted specifically for the study. The 
results in Chart 1 show the average measurement of three contact angles with each 
membrane. The shorthand in the chart equates to the following: pristine is deionized water, 
NaCl is the sodium chloride control solution, SA is sodium alginate added to the control 
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solution, NaOH is sodium hydroxide added to the control solution, and BSA is bovine 
serum albumin add to the control solution. 
 
Solution Q (degree) Deviation 
Pristine 23.61 0.52 
NaCl 36.95 1.92 
SA 20.74 0.59 
NaOH 35.28 4.60 
BSA 45.37 6.20 
Chart 1: Average contact angle of deionized water with membranes soaked in different 
solutions 
 
 The more hydrophobic the membrane the greater the angle created by the tangent 
line at the point the water droplet touches the membrane. Less scaling and fouling are 
equated with a hydrophobic membrane. Based on contact angles sodium alginate should 
have the greatest amount of fouling when compared to the other solutions tested. This 
parallels what was documented in the electrodialysis fouling trials. Another comparison 
that parallels what is seen in the electrodialysis is the similarity in between the contact 
angle of the sodium chloride-soaked and sodium hydroxide-soaked membranes. Having 
similar contact angles means that these membranes have a similar tendency for fouling, 
and the trends establish in the electrodialysis trials provide a graph with a similar trend to 
dilution [Graph 3]. Bovine serum has the greatest angle and therefore the greatest 
hydrophobicity and this would correlate to the least amount of fouling, which also 
correlates with the dilution trends established in the electrodialysis trials. 
 
 Using this method there are possible limitations. In order to not have the strong 
force of water-water attraction affect the surface tension of the water droplet the 
membranes are dried before they are tested. This could essentially cause the water droplet 
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to be absorbed to the dried membrane surface. This could affect the membrane surface by 
altering the surface nature by exposing the more hydrophilic components. Also, a reduction 
in contact angle with time can be the result of the absorbing of water warping the 
membrane. Based on a study at Seoul National University, captive bubble method is a more 
reliable method for testing contact angle and is recommended for further investigation in 
this study [11].  
 
 The final analysis conducted with soaked membranes is microscope imaging. This 
was done to establish a visual correlation between the atomic force microscope scans to 
attempt to prove or disprove the reliability of images that are considered to have be 
successful. Using a standard lab microscope 100x images were taken. 
 
 
Figure 11: 100x magnified deionized water-soaked membrane 
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Figure 12: 100x magnified NaCl solution-soaked membrane 
 
 
Figure 13: 100x magnified sodium alginate solution-soaked membrane 
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Figure 14: 100x magnified NaOH solution-soaked membrane 
 
 Based on visual representation from the microscopy imaging, there is a problem 
with the atomic force microscope image given for sodium hydroxide. Visually the other 
membranes appear comparable to the AFM scans. This confirms that the error in AFM 
scans was related specifically with the sodium hydroxide solution-soaked membrane. 
Based off observations, the main difference is the darker pigmentation which is an effect 
of soaking the membranes in a sodium hydroxide solution. Since this is the notable 
difference between the membranes, and standard microscopy allows us to establish sodium 
hydroxide solution-soaked membrane as the only inconsistent scan, it can be concluded 
that the limitation of the AFM scans is that dark pigmentation causes error in the 
needle/cantilever approach using the refraction of a red laser.  
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CHAPTER 4: CONCLUSIONS AND RECOMMENDATIONS 
 
 
This study focuses primarily on the issue of external fouling. The “clogging of a pore” 
because of small particle size being able to enter the porous layers of the membrane know 
as internal fouling are not studied [16]. Conclusions made are based of the principal that 
the cause and effect relationships viewed are the cause of a layer of precipitate or absorbed 
organic molecule on the membrane surface and this causes transport resistance on the 
membrane [1]. Fouling caused by sodium alginate is largely detrimental to the efficiency 
of the membranes in an electrodialysis system and should be avoided in operation if 
possible. A further study into the potential for low levels of sodium alginate creating a 
stable path for electrical current to flow. This is a similar concept used in 
electrodeionization which is a modified form of electrodialysis which uses resin beads to 
allows for sufficient ionic conductivity even when the water is depleted of ions. Sodium 
hydroxide has minimal effect on the increase of fouling in a standard salt water solution 
and this also equates that small changes in the pH of a solution also has a minimal effect 
on the efficiency of an electrodialysis system. Furthermore, initial findings show that 
biological component, specifically protein, increases the power thus the electrical current 
operating in the system. However, another aspect to consider is the possibility of 
irreversible fouling. Irreversible fouling is defined as not being able to be counteracted by 
physical cleaning or certain pretreatment, and a gradual change in the membranes 
resistance could affect the results of the trials [15]. It is recommended another set of trials 
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be ran using the membranes with the original NaCl control solution to determine if such a 
change has occurred. 
 
 Due to limited access and limited time, surface characterization using atomic force 
microscope and microscopy was not done with bovine serum but based off the fact that the 
average contact angle of sodium hydroxide has the largest standard deviation it appears 
that there is more going on with a complex biological molecule than can be analyzed in 
this study. Further investigation into biological fouling and proteins in an electrodialysis 
system is recommended.  
 
Another point of further investigation is the effect of spacers on membrane fouling. 
Spacers block part of the membrane surface and do have a tendency to foul as well [11]. In 
between electrodialysis trials the spacers had to be cleaned in order to remove trapped 
particles. This spacing, while necessary to provide a path for water to flow, would affect 
the accumulation of unwanted fouling and therefore directly influences how fouling occurs 
on the surface of the membranes.  
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APPENDIX 
 
NaCl Trials: 
               
Figure 15: Trial 1 NaCl dilution  
 
 
Figure 16: Trial 2 NaCl dilution 
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Figure 17: Trial 3 NaCl dilution 
 
 
250 mg SA trials: 
 
 
Figure 18: Trial 1 - 250 mg SA dilution 
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Figure 19: Trial 2 - 250 mg SA dilution 
 
 
 
Figure 20: Trial 3 - 250 mg SA dilution 
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500 mg SA Trials: 
 
              
Figure 21: Trial 1 - 500 mg SA dilution 
 
 
 
 
Figure 22: Trial 2 - 500 mg SA dilution 
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Figure 23: Trial 3 - 500 mg SA dilution 
 
 
250 mg NaOH Trials: 
 
 
Figure 24: Trial 1 - 250 mg NaOH dilution 
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Figure 25: Trial 2 - 250 mg NaOH dilution 
 
 
 
 
Figure 26: Trial 3 - 250 mg NaOH dilution 
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500 mg NaOH Trials: 
 
 
 
Figure 27: Trial 1 - 500 mg NaOH dilution 
 
 
 
 
Figure 28: Trial 2 - 500 mg NaOH dilution 
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Figure 29: Trial 3 - 500 mg NaOH dilution 
 
 
250 mg BSA Trials: 
 
 
 
Figure 30: Trial 1 - 250 mg BSA dilution 
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Figure 31: Trial 2 - 250 mg BSA dilution 
 
 
 
 
Figure 32: Trial 3 - 250 mg BSA dilution 
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500 mg BSA Trials: 
 
 
Figure 33: Trial 1 - 500 mg BSA dilution 
 
 
 
 
Figure 34: Trial 2 - 500 mg BSA dilution 
 
0.000
0.002
0.004
0.006
0.008
0.010
0.012
0 10 20 30 40 50 60 70 80
Co
nd
uc
tiv
ity
 (S
/c
m
)
Time (min)
Series2
0.000
0.002
0.004
0.006
0.008
0.010
0.012
0 10 20 30 40 50 60 70 80
Co
nd
uc
tiv
ity
 (S
/c
m
)
Time (min)
Series2
 39 
 
Figure 35: Trial 3 - 500 mg BSA dilution 
 
 
Contact Angle: 
 
  Pristine NaCl SA NaOH BSA 
 𝜽1 23.16 38.4 20.18 40.37 52.44 
 𝜽2 24.34 34.23 20.47 36.25 46.34 
 𝜽3 23.33 38.21 21.56 29.22 37.34 
Average 𝜽 23.61 36.95 20.74 35.28 45.37 
Chart 2: Measured contact angles 
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